Abstract-Filter-bank multi-carrier based on offset quadrature amplitude modulation (OQAM) has recently been proposed to improve the spectral efficiency of optical fiber communication systems. Unfortunately, it is prone to the laser phase noise (PN) that results in significant inter-subcarrier interference due to the loss of OQAM orthogonality. Based on the analysis of the OQAM constellation obtained at the output of the analysis filter bank, we propose a modified blind phase search algorithm working based on the observation of all subcarriers simultaneously. It efficiently compensates for the PN and incurs a low number of multiplications. The proposed method is analytically derived and numerically validated with 4-, 16-, and 64-OQAM modulations. The impact of the number of subcarriers used per optical channel is also investigated. The results show that up to 256 subcarriers can be utilized with negligible performance degradation. Moreover, the method provides a tolerated linewidth and symbol duration product of 1.4×10 −4 , 2.5×10 −5 , and 6.2×10 −6 for respective 4-, 16-, and 64-OQAM modulations to limit the SNR penalty to 1 dB at a BER of 10 −3 .
I. INTRODUCTION
F ILTER-BANK multi-carrier based on offset quadrature amplitude modulation (FBMC/OQAM), an alternative to orthogonal frequency-division multiplexing (OFDM), has recently received much attention in optical fiber communication systems [1] - [6] . Compared to OFDM, FBMC uses shaping filters featuring a better time/frequency localization, making FBMC systems more robust to time-varying effects. Moreover, the orthogonality between adjacent overlapping channels is ensured by using the OQAM modulation [5] .
Up to now, most proposed applications of FBMC/OQAM to optical fibers communications only consider a small number of OQAM subcarriers (if not only one) per optical carrier [1] - [5] . In such systems, it is not necessary to insert a frequency gap between optical carriers to prevent inter-carrier interference thanks to the OQAM orthogonality, resulting in a better spectral efficiency (SE). Furthermore, the digital signal processing (DSP) implemented at the receiver side to compensate for the channel impairments is usually applied per subcarrier in order to take the advantage of the multicarrier modulation for parallel processing. When the number of subcarriers is small, an equalizer taking the form of a filter of finite impulse response should be used to compensate for the inter-symbol interference caused by the channel memory. Additionally, the laser phase noise (PN) causes interference between the FBMC/OQAM subcarriers along with the constellation rotation [1] . Consequently, the conventional carrier phase estimation (CPE) used in QAM systems cannot be directly applied. Several solutions for PN compensation have been proposed so far. An innovative phase tracking algorithm is designed in [2] to minimize the error at the output of the equalizer. A modified feedforward blind phase search algorithm (M-BPS) is introduced in [1] and its reduced complexity versions are presented in [3] and [4] . While the first algorithm requires an additional feedback loop, the second algorithm suffers from a high computational effort.
In the multi-subcarrier FBMC/OQAM systems [6] , increasing the number of subcarriers allows the low complexity one-tap equalizer to efficiently compensate for the channel impairments like the chromatic dispersion (CD). However, with the increase of subcarrier number, the PN variation over the time is no longer negligible compared to the symbol duration. In this case, methods in [1] - [4] are no longer suitable. In [6] , a pilot-based method for PN compensation has been utilized, however, suffering from the reduced SE due to the pilot addition.
In this letter, a simple M-BPS is proposed to compensate for the PN in the frequency domain. The data on all subcarriers at the output of the analysis filter bank (AFB) are used to estimate the PN at each symbol time. This distinguishes the proposed algorithm to the per-subcarrier PN compensation methods. We derive the algorithm analytically, showing its optimality in the maximum likelihood (ML) sense. Compared to other M-BPS methods, the distance calculation in the complex plane in M-BPS is simplified by considering only the distance in the real plane. This allows a significant reduction of the number of multiplications, providing less computational efforts. The proposed methods are numerically validated in FBMC systems with 4-, 16-and 64-OQAM signals. Finally, the effectiveness of the simplified M-BPS is also investigated in terms of the optimum number of used subcarriers and the laser linewidth tolerance.
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II. PHASE NOISE INFLUENCE ON FBMC/OQAM
In order to focus on the laser phase noise effect, only one polarization is considered. However the results can easily be extended to dual-polarization systems. Ideal time/frequency synchronization and perfect compensation of the chromatic dispersion are assumed. The random binary sequences are mapped on QAM complex symbols of duration T . The real and imaginary parts of generated symbols are then passed to the OQAM preprocessing stage, where they are transmitted with a delay of T /2. Moreover, a π/2 phase difference is introduced between adjacent subcarriers to ensure their orthogonality. The efficient inverse fast-Fourier transform/ fast-Fourier transform (IFFT/FFT) based implementation is applied at the synthesis filter bank (SFB) and the AFB [7] . Note that, the sample rate at the output of SFB is 1/T S = M/T , where M is the number of subcarriers. The square-root raised cosine filter with roll-off factor of 1 is used as the prototype filter. It is noted that other prototype filters can be applied as long as they satisfy the Nyquist criterion [8] . In our cases, the roll-off factor of 1 is chosen to achieve the low complexity time domain implementation of the filter.
At the transmitter, all the subcarriers after the SFB are summed up together. This signal is then corrupted by the additive Gaussian white noise (AWGN) and loaded with the laser PN. The PN is modeled as a discrete random time walk ϕ m = ϕ m−1 + m , where m denotes the PN variation on the sample m. It is modeled as a zero-mean Gaussian random variable of variance 2π · ν · T S . The parameter ν denotes the laser linewidth. At the receiver, the inverse processes are carried out to recover the data. Fig. 1 illustrates the outputs of AFB in the time/frequency diagram. Considering the 4-OQAM samples of all subcarriers at the time instant t 1 , the constellation points are located at ±1/ √ 2 on the real axis and dispersed vertically along the imaginary axis in the absence of PN. In this case, the received OQAM symbol can be recovered without interference by taking the real part of the received complex signals. However, in the presence of PN, the constellation is rotated resulting in the interference at the symbols of interest after the OQAM post-processing stage (see in Fig.1 for ϕ n = −π/6). The PN compensation is therefore compulsory in order to recover the transmitted symbols without interference. Based on the observation of the specific OQAM constellations with and without phase noise, we will extend the BPS algorithm to effectively compensate for the PN in FBMC/OQAM systems.
III. SIMPLE FEEDFORWARD MODIFIED BPS ALGORITHM
Considering FBMC/OQAM systems with a sufficiently slow-varying ϕ n with regards to the n-th FBMC symbol duration, the AFB output after the one-tap channel equalizer can be written for subcarrier k and instant n as [7] 
where I k,n is the real or imaginary part of the QAM symbols and u k,n is the interference coming from the neighboring symbols on the carrier of interest and on the adjacent subcarriers. The interference term, j ·u k,n , is purely imaginary in the absence of PN. In order to obtain a simple estimator, we make the simplifying assumption that u k,n is independent of the transmitted data, with mean equal to zero and variance denoted by σ 2 u . The term ω k,n is the zero mean AWGN of variance σ 2 ω for both real and imaginary parts. When there is no PN (ϕ n = 0), the symbols are generally estimated by taking the real part of r k,n removing therefore completely the interference.
We denote by X R (resp. X I ) the real (resp. imaginary) part of the variable X, and (·) T is the transpose operator. Considering all subcarriers (k = 1, . . . , M) at instant n, (1) can be reformulated as
where the received vector is r n = r R 1,n r I 1,n r R 2,n r I 2,n . . . r R M,n r I M,n T , the symbol vector is I n = I 1,n I 2,n . . . I M,n T , the phase noise vector is φ n = (cos φ n sin φ n ) T , and the noise vector is
The elements of the noise vector, defined as v R k,n = −u k,n sin φ n + ω R k,n and v I k,n = u k,n cos φ n + ω I k,n , both include the AWGN and the interference. The operator ⊗ is the Kronecker product.
To simplify the notation, the index n is omitted in the following derivation. The likelihood function of M subcarriers samples r , knowing the transmitted OQAM signals I and phase noise ϕ n , can be written as
in which the term det R v (ϕ n ) is the determinant of the
It is a 2M×2M block-diagonal matrix that contains M 2×2 matrices R vn on its diagonal equal to
where E[·]and (·) H are the expectation and Hermitian transpose, respectively. After some mathematical manipulation, the logarithmic likelihood function is expressed as log f r I , φ n
in which C = − log 2πσ ω M σ 2 u + σ 2 ω . The maximum likelihood (ML) estimate consists in maximizing (5). The maximum is given by max log f r I ,
This maximum value can be obtained when the following condition is satisfied
Inspection of (7) reveals that the ML estimator is a 2-dimensional estimation problem. Each received sample is rotated in the complex plane by the test phase and projected on the real axis where it is coherently compared to the weighted estimated I k . The weight depends on the ratio between variances of noise (σ 2 ω ) and of interference (σ 2 u ). In practice, the values of variances are however not known. In the moderate and high signal-to-noise ratio (SNR) regions, σ 2 ω σ 2 u is usually a valid assumption enabling an approximate ML estimator that is independent of the noise and interference variances.
To implement (7), we therefore propose to test progressively all values of the phase, φ b , on a pre-defined grid, and to select the one that minimizes the sum of distances between the projections on the real axis of the received samples after test phase compensation and their hard decision versions. The hard decision is made by comparing the projection of the received sample to the ideal points of the pulse-amplitude modulation (PAM) and selecting the closet one. Fig. 2(a) illustrates the phase rotation applied in case of a 4-OQAM constellation. The estimated phase rotation can be expressed bŷ
Re r k,n,b − DD Re r k,n,b , (8) in which DD is the direct decision operator and the rotated version of and B is the total number of phase tests. The impact of the additive noise is reduced by averaging the cost function over M subcarriers. The rotated samples version corresponding to each phase test is then sent to a switch that selects the best phase rotation to alleviate the phase noise impact.
In terms of complexity, the distance calculations in the simplified M-BPS algorithm are carried out in real plane by taking only the real part of the rotated sample version. Compared to the traditional M-BPS [1] , where each distance calculation requires computation of the square norm of a complex number, the simplified distance calculation no longer requires any multiplications. Fig. 2(b) shows the examples of cost functions for the simplified M-BPS method at the phase noise value of −π/6, for different OQAM signals. It can be observed that the cost functions exhibit the same minimum value at about −π/6, i.e. the value of the phase noise ϕ n . The effectiveness of the proposed algorithm has been evaluated with a random time walk laser phase noise model.
IV. RESULTS AND DISCUSSION
The performance of the 30 Gbaud 4-, 16-and 64-OQAM systems is assessed in this section. The SNR is fixed to a value 1 dB larger than the SNR needed to achieve a BER equal to 10 −3 . Consequently, SNRs of 7.8 dB, 11.7 dB and 15.8 dB are employed for 4-, 16-and 64-OQAM signals, respectively. Unless stated otherwise, the number of subcarriers is chosen equal to 256 for all modulation orders. The normalized linewidths (i.e. the product of the laser linewidth by the symbol duration), ν · T S , are set to 1.5·10 −5 , 5·10 −6 and 2.5·10 −6 for 4-, 16-and 64-OQAM signals, respectively.
The optimum number of phase tests, defined as the smallest number of phase tests necessary to reach the target BER, is firstly studied. It is an important metric that quantifies the trade-off between the system performance and the implementation complexity. Fig. 3(a) shows the evaluated BER as a function of the number of phase tests, B for 4-, 16-and 64-OQAM, respectively. It can be seen that the BER first rapidly improves with the number of phase tests and then remains constant. The optimum number of phase tests for 4-, 16-and 64-OQAM signals are 16, 32 and 56, respectively. Hereafter, the number of phase tests is fixed to their optimal values.
The BER for a varying number of subcarriers, M, is investigated in Fig. 3(b) for different modulation orders. It can be observed that the BER rapidly decreases when M increases from 16 to 32. It is due to the better averaging of the AWGN when the sample set becomes larger. However, as the subcarriers number grows the FBMC symbol duration becomes larger. As a consequence, the assumption of constant-PN over the symbol duration does not hold for too large M, resulting in an increase of the BER as shown in Fig. 3(b) . The maximum number of subcarriers for 4-, 16-and 64-OQAM are 2048, 512 and 256, respectively to achieve a 1 dB SNR penalty at a 10 −3 BER. The compromise between the AWGN and the laser PN can affect the choice of the optimum number of subcarriers. It should be reminded that the number of subcarriers might need to maximize enabling to efficiently compensate for the CD in optical FBMC systems. A value of M = 256 is hence a good trade-off to ensure negligible performance degradation regarding the PN considered. The SNR penalties at a B E R = 10 −3 for various normalized linewidths are further investigated in Fig. 3(c) for different modulation orders. It can be seen that the maximum tolerated normalized linewidths to limit the SNR penalty below 1 dB are 1.4·10 −4 , 2.5·10 −5 and 6.2·10 −6 for 4-, 16-and 64-OQAM respectively. Considering a 30 Gbaud FBMC systems, the tolerated laser linewidths are thus 4.2 MHz, 750 kHz and 190 kHz for 4-, 16-and 64-OQAM, respectively. This confirms the effectiveness of the proposed as these linewidths are compatible with commercial lasers.
As discussed in [6] , the accumulated CD can effectively be compensated with a simple one-tap equalizer per subcarrier thanks to the nearly constant channel response on a subcarrier. Selecting the parameters according to [6] , we further evaluate the BER after 100 km, 50 km and 25 km standard single mode fiber (SSMF) transmission for 4-, 16-and 64-OQAM, respectively (CD equals to 17 ps/nm/km for SSMF). Afterward, the proposed PN compensation is applied. Fig. 4 illustrates the BER as a function of the SNR. In the presence of PN only, a SNR penalty smaller than 0.4 dB at a 10 −3 BER remains at the output of the M-BPS algorithm. In the presence of both the PN and CD, an additional SNR penalty smaller than 0.3 dB at a 10 −3 BER is observed for 16-and 64-OQAM because there also exists a residual CD at the output of the one-tap equalizer that impacts both the performance of the subsequent M-BPS algorithm and symbol detection [6] . Not surprisingly, the figure shows that the impact of channel impairments increases with the modulation order. It should be noted that the transmission distance could be further extended up to M times by applying the CD compensation technique in [6] .
V. CONCLUSION
We have proposed a simple feedforward carrier phase estimation method for optical FBMC/OQAM systems that can reduce the computational effort compared to the traditional M-BPS method. The proposed method has been analytically derived and validated with 4-, 16-and 64-OQAM signals. It has been shown that the algorithm can work with 256 subcarriers without performance degradation and the tolerated linewidth is in the range of commercial lasers.
